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Introduction
Organic Photovoltaics (OPVs) have matured as an energy harvesting and generation technology over the past 2 to 3 years, with the number of commercial products currently available [1, 2] . Stability and accelerated testing remains a critical issue for researchers and industrialists alike. Normally Accelerated Life Testing (ALT) is needed at various stage of a product development cycle, for example, when identifying optimal material sets [3] , providing relative comparisons of module stability [4] and also information on the products failure mechanisms [5] . However, as OPV's are applied in more commercial applications there is a greater need in order to predict the expected life in outdoor operation. Longer term, companies trying to commercialise this technology would also need predictive ageing models in order to estimate warranty provisions. To date, the most commonly used strategies for relating outdoor degradation to indoor accelerated testing are the use of meta data analysis [6] and round robins experiments [7, 8] . An alternative technique is to use life test models based upon quantitative accelerated to address lifetime and try to quantify the degradation through the application of a mathematical model, which has been explored by Halliant [9, 10] for light induced degradation.
Most ALT testing in the literature is based upon ISOS consensus standards, defined by Reese et al [11] . Apart from a few notable examples, testing tends to be done using small sample sets and single levels of stress or a maximum two stresses. ISOS consensus standards are qualitative tests and do not quantify the life characteristics of an OPV under normal operating conditions. However, they do provide some useful information into the types and degree of stress needed for subsequent quantitative test. The primary benefit of undertaking ISOS tests is to enable relative comparisons of OPV modules and initial assessment of failure mechanisms, so that stability can be fed back in order to eliminate the causes of failure in future designs [12, 13] .
In this paper, ISOS consensus standards are used as the basis for developing life test models for OPV modules, which enables failure rates during ALT to be assessed against the operational conditions and subsequent degradation that OPVs will experience under such outdoor conditions. To do this, large data sets are needed and therefore initial data for life test models has been extracted from previous large module testing undertaken by Corazza et al. [14] Where necessary, additional experiments have been conducted to improve the life test model and enable more accurate life prediction.
Experimental

Data acquisition
All testing was done using the 'InfinityPV' mini-module [15] . Indoor ALT data has been acquired by both the Danish Technical University (DTU) and Bangor University (BU). The initial PCE performance of the solar cells is listed in SI-2. In DTU, a thermal humidity chamber from Thermotron was used for all temperature and humidity (e.g. ISOS-D) testing. A QUV 'Q-Sun' test chamber or metal halide was used for all light degradation studies (i.e. ISOS-L-3 and ISOS-L-2, respectively). 3). In BU, a Weiss UK testing chamber was used for thermal humidity. For light degradation analysis, either sulphur plasma lamp or halogen light soaker was used (GB Sol ltd, Taffs Well, Wales, UK). The number of modules used for each test are stated in SI-1.
To fit life test models to ISOS standard testing data, either in-situ degradation data or 'time to failure' needs to be defined. For this paper we study degradation to 80% or 50% of the original maximum efficiency value (i.e. T80% or T50%).
Data analysis
All data acquisition was acquired automatically and quantified using a C++ program. Data was uploaded to an internal MS access database with time stamping, module ID, test conditions and time to failure characterised. Data was analysed using a number of commercial reliability and statistical software packages. To summarise our procedure, a probability distribution function (PDF) was selected initially. In addition, a life time model was selected which most accurately modelled life degradation characteristics from literature. Both the PDF fitting parameters and life model fitting parameters were optimised using maximum likelihood estimation (MLE), so that the best fit is obtained for the particular life model. Based upon the parameters extracted from the life model, the simulation of OPV stability can be conducted at the 'operational' stress, which is a reduced level to the accelerated conditions, but correlates to the conditions the OPV is likely to experience in the field. Operational stress was calculated using weather station data from a Davis Inc. 'Vantage pro' weather station and calibrated silicon reference cell from IMT-solar GmbH located on the roof of the School of electronic engineering, Bangor University, Wales, UK (latitude and longitude of 53.2280N, 4.1280W, respectively), previously reported [16, 17] . All data collection and analysis was done using in-house developed software, Minitab or Reliasoft.
For all data fitting in this paper, a 2-point Weibull PDF was used as shown in equation 1, where β is defined as the shape parameter, η is the scale parameter, t is the time and ( ) is the probability of failure.
Equation 1
To compare modelled data to the data obtained in outdoor experiments, a consistent definition of failures needed. For this work, we have used the life test model to calculate time for 63% of the population of OPV modules tested have declined a particular value [such as 80% of the original value (T80%) or 50% of the original value (T50%)]. This value is defined is often referred to as B(63%). By considering equation 1, when = , the cumulative number of failures in the population, ( ) = 63%, so is equivalent to B(63%).
To compare experimental to simulated, outdoor failure times are calculated from when approximately 63% of the modules have reached the failure time (e.g. T80% or T50%). To compare the regression line fitting, the correlation coefficient, ρ (Rho), has been obtained for all datasets to measure how well the linear correlation fits the data. 318K/65%, 318K/85%, 338K/65% and 338K/85%. During analysis, data from outdoor test 1 was fed back into the datasets for improved regression line fitting of the life test model.
Light degradation analysis
For light degradation analysis, five sets of data fitting were undertaken. Dataset 1-L consisted of DTU experiment previously reported in [14] using only ISOS consensus standard testing (ISOS D-2 and ISOS L-2, -3). Therefore, two different light levels were used for data fitting (0 sun and 1 Sun), and multiple sample types were used (spin coated, mini roll coated and R2R samples). For Dataset 2-L, the previous dataset is filtered so that only R2R modules were used for the data analysis. Dataset 3-L uses all data from Datasets 2-L and 4-L. For Dataset 4, four experiments were conducted with a variety of irradiance levels (2 Sun, 1 sun, 0.5 Sun and 0.25 Sun) and using a sulphur plasma lamp for module irradiation. Dataset 5-L was also conducted with a variety of irradiance levels (1 sun, 0.5 Sun and 0.25 Sun), but a using a halogen light soaker.
Model verification
In order to verify the life test models, outdoor module stability data has been acquired at Bangor University to compare stability of modules under real-life conditions to the stability simulated from a life test model. Four sets of outdoor data analysis have been used for this work using similar modules.
In order to study the effect of only temperature and humidity on the degradation, one set of OPV modules were placed outside but were covered with a steel sheet to prevent any light entering the OPV; therefore, the degradation should only be due to temperature and humidity affects (assuming thermal cycle and condensation has a minimal effect). This test was conducted from January 2017, and is shown in table 1 as outdoor test number 1.
In addition, three outdoor tests were undertaken when no covering of the solar cell was undertaken, shown as outdoor test number 2,3 and 4 in table 1. Data is shown for the environmental conditions (irradiance, RH and temperature) during these tests for the time taken for each set of data to reach B(63%).
Results
Temperature-humidity analysis
For thermal humidity analysis, a modified Arrhenius equation was used was used for predicting life An important characteristic often assessed in life test models is the acceleration factor (AF), which shows the ratio of the OPVs life at the operational stress level to its life at an accelerated stress level and is defined in equation 3 where and is the temperature at operational stress and accelerated stress, respectively and and is the RH at 'use' stress and accelerated RH, respectively. Shown in figure 1(c) is AF versus temperature and AF versus RH, whilst the other stress is kept constant. It is interesting to see that at low levels of RH (when RH <40%), the AF is less than 0.1 and humidity therefore has a small effect upon the OPV degradation. 
Light degradation analysis using the Inverse Power law (IPL)
The inverse power law (IPL) model is commonly used for non-thermal accelerated stresses (such as light) and is given by equation 4, where and are fitting parameters and is the irradiance in mW/cm 2 . Five datasets were used for fitting to the IPL model in equation 4 and the data is shown in Table 3 . It is worth noting that three different light sources were used for these tests; Dataset 1-L and 2-L used QUV test chambers, Dataset 3-L and 4-L used a sulphur plasma lamp light soaker and Dataset 5 used a halogen light soaker. As such, the spectrum varied as a function of test.
Shown in figure 2 is the life versus irradiance level for Dataset 5-L. As expected, it is clear that higher irradiances lead to shorter lifetimes. Figure 2 shows the AF as a function of irradiance level and a sub-linear relationship is evident. This is supported by Table 3 , where the fitting parameter, < 1
(for all datasets), which shows that AF has a sub-linear variation with irradiance level. This result is particular significant result for those undertake high concentrated light experiments, as it is evident for increasing light levels, the degradation has a lesser and lesser impact on light induced degradation.
When comparing the value of simulated (table 3 -calculated from irradiance levels in June 2014) versus experimental, it is clear that Dataset 5-L provides the closest match. This was undertaken with a halogen light soaker, which possesses low spectral irradiation in the UV region, but it's possible this spectral light source provides the closest match to the outdoor conditions expected in Bangor, which experiences a low UV index due to the high latitude and high proportion of diffuse irradiation. The worst match is derived from the sulphur plasma lamp (Dataset 4-L), which aggressively degrades modules due to the high temperatures, resulting in a significant under prediction of outdoor stability.
Using the fitting parameters from dataset 5-L, further model verification can be achieved by using the other outdoor tests described in table 1 and is summarised in table 4. In addition to dataset 5-L, dataset 6 contains the fitting parameters for the time taken for the life of the modules to reach T50%. For data obtained in 2014 -2015, the simulated data from the IPL law predicts the experimental value of to within 20% accuracy. The modules measured June 2016 exhibit a quicker degradation to T80%, followed by a stable period of operation between T80% and T50%, so the simulated data does not predict the ageing at later times quite so accurately.
Equation 4
Equation 5 
Light degradation analysis using the Temperature-Light (TL) model
One of the limitations of the light soaking tests for predictive ageing is that data is normally obtained at elevated temperature (typically 55⁰C), so the data obtained in Table 5 are the fitting parameters of the TL model, which have been calculated using failure times of both T80% and T50%.
The results for the TL model also shown in table 4. When comparing to the outdoor measurement campaigns, the TL model seems to provide a worse prediction of T80% and T50% times than the simulated data from the IPL model. However, it provides a much more reasoned approach to light induced degradation analysis and could be a better alternative for predicting degradation in different climates, where ambient temperatures are more likely to fluctuate than in the UK.
Equation 6
Equation 7 4. Analysis using the life test models 
Assessment of the severity of ISOS standard testing
The data obtained in section 3 can be used to assess relative severity of ISOS consensus standards. 
Comparison of relative stability of modules in different climates
Based on the reliability calculations, it is clear that temperature, humidity and light are main drivers of OPV aging. As a broad assessment the IPL and temperature-humidity model can be combined by considering the equations for the AF as described in equations 3 and 5, as shown in equation 8. The main assumption in doing this is that light and temperature humidity each of these stresses induce different degradation mechanisms and these are independent of each other. Whilst this assumption potentially has some flaws, it does provide a mechanism to enable comparison of OPV degradation in different climatic conditions by using the fitting parameters as defined tables 2 and 3 for dataset 4
and 5, respectively
Shown in table 7 is the experimentally calculated values of time for 63% of the modules to have reached T80% in different climates, relative to the degradation observed in Bangor, Wales, UK in June 2014. Data for Madrid, Rio de Janeiro and wintertime in Bangor was calculated from historic weather data. In the case of Madrid, in spite of the higher temperatures and irradiance levels, due to the lower RH, the < 1; indicating that the degradation in Madrid should be lower than that of Bangor. OPVs are also predicted to be more stable in wintertime in Bangor; due to the lower temperature and irradiance during wintertime, the < 1. Measured experimental data obtained from outdoor testing is supportive of this claim, providing some confidence in this approach for predicting stability in different climates.
Consideration of how climatic conditions affect annual degradation rates
The life test models can be used to assess how seasonal changes in environmental conditions affect the solar cell degradation. Shown in figure 3 is the changes in average daily temperature, RH and irradiance over a calendar year in Bangor, Wales. The UK is an oceanic climate and experiences relatively cool summers and cool winters and a relatively narrow annual temperature range and few extremes of temperature. Average irradiance levels are low in wintertime due to the short days and a factor 4-5x greater in Summertime. By contrast, the RH is greatest in wintertime, due to the high precipitation levels.
Shown in figure 3 is how light-temperature and temperature-RH models predict degradation over the course of the year, based upon time to reach T80%. The changes in degradation as a result of temperature-RH changes over the course of the year is relatively low, and can be equated to the relatively narrow range of temperature and RH changes over the course of the year. By contrast, significant variation in light degradation is observed from the TL model as a function of month.
Based upon the data in figure 3 , it is reasonable to assume that during winter, degradation in OPV modules is driven by humidity-related effects such as corrosion. By contrast, in summertime, the degradation of modules seems to be driven primarily by light related effects, but humidity-related degradation continues to play a significant role. As a result of the data in figure 3 , it is also reasonable to conclude that degradation of modules in wintertime will be less than in summertime.
Conclusion
The application of life test models to ALT data for OPV modules has been reported. Life test models relate degradation at an elevated stress level to that of the much lower level. The relationship between operational life and temperature-humidity and temperature-light has been modelled and simulated data has been compared against experimental data. 
